Malformation of the urogenital tract represents a considerable paediatric burden, with many defects affecting the lower urinary tract (LUT), genital tubercle and associated structures. Understanding the molecular basis of such defects frequently draws on murine models. However, human anatomical terms do not always superimpose on the mouse, and the lack of accurate and standardised nomenclature is hampering the utility of such animal models. We previously developed an anatomical ontology for the murine urogenital system. Here, we present a comprehensive update of this ontology pertaining to mouse LUT, genital tubercle and associated reproductive structures (E10.5 to adult). Ontology changes were based on recently published insights into the cellular and gross anatomy of these structures, and on new analyses of epithelial cell types present in the pelvic urethra and regions of the bladder. Ontology changes include new structures, tissue layers and cell types within the LUT, external genitalia and lower reproductive structures. Representative illustrations, detailed text descriptions and molecular markers that selectively label muscle, nerves/ganglia and epithelia of the lower urogenital system are also presented. The revised ontology will be an important tool for researchers studying urogenital development/malformation in mouse models and will improve our capacity to appropriately interpret these with respect to the human situation.
INTRODUCTION
The urogenital tract is composed of urinary (kidneys, ureters, bladder, urethra) and reproductive (gonads, reproductive ducts, external genitalia) systems. The anatomy of this large, interconnected system is complex and changes rapidly during embryogenesis. In addition, hormonal signalling leads to dimorphism between male and female systems. With such complexity, even small perturbations in differentiation processes or timing in one tissue can translate into functional defects affecting the entire system. Congenital anomalies of the LUT have been described in both mouse models and humans (Rasouly and Lu, 2013) . The embryonic origins and morphogenesis of the urogenital tract (bladder, urethra, vagina, external genitalia) and terminal hindgut (rectum and anus) are closely linked, which might explain the co-occurrence of genital anomalies (ambiguous genitalia, hypospadias, chordee and micropenis in males, cleft clitoris in females) with anorectal defects (Rasouly and Lu, 2013) . Lower urinary and reproductive system development in mouse and human are not equivalent, and there have been historical instances in which terms have been drawn from human anatomy to incorrectly describe similar but distinct structures in the mouse. Clarity around the morphogenesis of these closely linked and intersecting organ systems in mouse will allow us to better appreciate differences between mouse and human, to re-evaluate the lessons that can or cannot be drawn from mouse models of human anomalies and, in some instances, to revise our thinking about the origin of some structures in the human.
Previously, we created a high-resolution anatomical ontology for the Genitourinary Development Molecular Anatomy Project (GUDMAP), a publicly available expression database for the mouse genitourinary system . With the recent application of three-dimensional (3D) imaging techniques, the identification of cell-type specific markers and the application of genetic lineage tracing, our understanding of the developmental anatomy of the LUT and genitalia in the mouse have significantly improved. We have incorporated this new knowledge, together with additional studies presented here, into an updated anatomical ontology of the LUT and reproductive systems, including the sites and signalling centres important for establishing connections with the upper urogenital tract.
Urogenital development involves epithelia derived from two embryological lineages, the nephric duct (ND, also called mesonephric or Wolffian duct) and cloaca, giving rise to the upper and lower urinary tract, respectively (reviewed in supplementary material). At E11, the urogenital sinus (UGS) is a simple epithelial tube extending from the cloaca, to which paired NDs are attached via the common nephric duct (CND), defined as the region of ND caudal to the ureter (Fig. 1) . Caudal NDs connect at the UGS ridge, a thickened, raised proportion of the UGS epithelium ( Fig. 1A -C,I-M). The UGS ridge is a signalling centre, important for regulating CND remodelling and apoptosis during ureter maturation and repositioning (Shapiro et al., 2000) . From E11-13, the anterior UGS above the UGS ridge is the primitive bladder, and below this site, including the UGS ridge itself, is the caudal UGS. We define the UGS region, in which the epithelia of the primitive bladder and caudal UGS meet, as the transition zone. The cranial UGS will elongate and expand, becoming the bladder, while the caudal UGS becomes the pelvic urethra (PLUR, Fig. 1 ).
The hindgut and anorectal sinus will form the colon, rectum and anus.
From E13, the term urethra is introduced, composed of pelvic and phallic regions. The PLUR develops within the embryo body and the phallic urethra (PHUR) within the GT (Fig. 1C,G,H) . Alongside the NDs, paired paramesonephric ducts (derived from the mesonephric coelomic epithelium) elongate caudally and have reached the UGS ridge by E13.5 (Fig. 1C,M) (Guioli et al., 2007; Orvis and Behringer, 2007) . From E14, the primitive bladder becomes the bladder. UGS is retained in the developmental ontology as a parental term, encompassing bladder, bladder-PLUR transition zone and PLUR.
The genital tubercle (GT) is the precursor of the penis and clitoris (supplementary material). Located within the GT of both sexes, the PHUR develops from a bilaminar epithelial extension of the cloacal epithelium, called the urethral plate epithelium (UPE). At the ventral midline, the endodermal cloacal epithelium is in direct contact with the surface ectoderm and together they are known as the cloacal membrane. By E11.5, genital swellings have merged to form a single GT, and the UPE grows out from between these swellings (Fig. 1A,D and Fig. 2A ). As the urorectal septum expands, the UPE is forced into its ventral GT position and is in direct contact with the surface ectoderm/skin. Together, these structures are termed the urogenital membrane (Fig. 1A-C) . At E13, the urorectal septum reaches the embryo surface, resulting in complete separation of the UGS and hindgut. Here, proportions of the cloacal membrane disintegrate in mice and humans, contributing to formation of the anal opening and an opening in the PHUR called the proximal urethral meatus (Fig. 1C,H and Fig. 2C ; Nievelstein et al., 1998; Perriton et al., 2002; Sasaki et al., 2004; Seifert et al., 2008 Seifert et al., , 2009a Lin et al., 2009; Ng et al., 2014; Ching et al., 2014; Miyagawa et al., 2014) .
Except for very early in development ( prior to E12), the GT and reproductive ducts are parts of the reproductive ontology. Whereas the PHUR in females plays no reproductive role, the term is included in both urinary and reproductive systems because of its anatomical location in the female external genitalia.
From E13, the GT is morphologically subdivided into proximal and distal regions ( Fig. 1C and Fig. 2C ). Laterally, in the proximal GT, two mesenchymal preputial swellings appear that enclose the preputial glands, epithelial glands seen from E13.5 (Cunha, 1975; Seifert et al., 2008) . The PHUR epithelium remains in contact with the surface ectoderm of the ventral GT. The ventral ectoderm forms a small invagination, the urethral groove (or urethral seam), on the GT surface, where it meets the urethral endoderm (Baskin et al., 2001; Perriton et al., 2002) . As seen in histological sections, the mouse urethra is actually closed within the GT, and therefore this groove has been referred to as a 'closed urethral groove' (Baskin Fig. 2 . Genital tubercle development. (A-E) Schematics illustrating GT development. Preputial swellings grow ventrally around the GT (red arrows). Anogenital distance, perineum and scrotal swellings are larger in males (red asterisks). (F) Whole-mount β-galactosidase staining of ShhGFPCre;Rosa26RlacZ embryo shows lineage of Shh-expressing cells (blue) in epithelia lining the PHUR, PLUR, bladder, rectum, intestine, perineum, bulbourethral glands, preputial glands and UGS ridge. In males, the mesenchyme begins to septate the PHUR epithelium (red arrowheads in E,F). et al., 2001) . This is in contrast to humans that develop an open urethral groove, with the PHUR lumen exposed on the ventral GT surface until fusion of the urethral folds results in closure (Glenister, 1954) . The UPE commences as a cord that canalises in a proximalto-distal wave, with the lumen forming between the two epithelial layers. From E13, the PHUR is composed of the distal UPE, proximal urethral tube epithelium and external orifice defined as the proximal urethral meatus (Fig. 1C and Fig. 2C ). By E14 in both sexes, the preputial swellings become more apparent, and mesenchyme at the GT base expands and will become the labioscrotal swellings (Fig. 2D-F) .
In histological section, mesenchymal swellings are found just lateral to the ventral-most urethral tube epithelium. This mesenchyme has been referred to as the 'urethral folds' (Yamada et al., 2003) . We note that the 'urethral folds' described in the mouse are distinct from those structures of the same name in humans. Tubulogenesis of the human urethra is analogous to neurulation, in that the lateral edges of the urethral plate are brought together medially, eventually fusing to close the urethral tube. Fusion of the urethral folds in humans results in formation of the urethra proper internally and penile raphe externally, a structure that is not seen in the mouse. By contrast, the mouse UPE is a bilaminar epithelium that extends from the centre of the GT to the ventral margin, and lumen formation occurs as the two layers separate medially. In the mouse, the mesenchyme referred to as 'urethral folds' on either side of the plate might function to separate the definitive urethra from the ventral urethral seam, which will be remodelled away (Baskin et al., 2001 ).
Sex-specific anatomical differentiation of LUT and external genitalia: E15.5 to adult (TS23-S28) From E15, the GT is divisible proximo-distally into a proximal region surrounded by preputial swellings (and later, prepuce) and a distal region of exposed glans ( Fig. 2D-F) . During GT outgrowth (E11.5-14.5), males and females are anatomically indistinguishable. However, from E15.5, morphological differences between male and female phalluses are observed. In males, mesenchyme begins to invade the ventral-proximal GT, thereby partially closing the proximal urethral meatus and separating the definitive PHUR from the surface ectoderm in a proximal-distal wave that continues until postnatal stages (Seifert et al., 2008) . This event is thought to occur by fusion of the mesenchymal urethral folds, although invasion by mesenchyme from the perineum has also been proposed (Baskin et al., 2001; Yamada et al., 2003; Seifert et al., 2008) . In addition, beginning at E15.5, the distance between the urethral meatus and anus (anogenital distance) is longer in males than in females (Figs 2,3) .
Sexual dimorphism becomes more apparent at E16.5 with differentiation of the penis and scrotum in males, as highlighted using ShhGFPCre;Rosa26RlacZ reporter mice (Fig. 3) . In males, concurrent with internalisation of the urethra by fusion of the urethral folds, the mesenchyme of the preputial swellings (termed 'prepuce' from E16 onwards) fuses at the ventral midline, also in a proximaldistal wave. As the prepuce continues to expand, it envelops the glans ( Fig. 3G-L) . Mesenchyme fusion at the ventral midline of the GT and remodelling of the urethra result in an indentation on the external surface, called the preputial seam ( Fig. 3M-O ; Baskin et al., 2001; Yamada et al., 2003; Seifert et al., 2008) .
The proximal urethral meatus is nearly closed in males by E16.5, whereas it remains open at the GT/clitoris base in females ( Fig. 3 ; Baskin et al., 2004; Seifert et al., 2008; Wang et al., 2011; Guo et al., 2014) . At E17, the GT has differentiated sufficiently to be recognised as the penis/clitoris, and the PHUR becomes the penile urethra in males. Mesenchymal growth also results in a bend in the male urethra at the glans-body junction, which is prominent from E17 and results in the glans penis being positioned at a right angle bend to the body of the penis ( Fig. 3 ; Cunha and Baskin, 2004; Rodriguez et al., 2011) . By contrast, the female urethra is more linear and positioned ventral to the clitoris (Fig. 3A-T) .
In females, the UPE can still be seen at E17.5, whereas, in males, it is no longer present and the definitive urethral meatus has formed ( Fig. 3Q-V) . Although the urethra has opened in the distal glans of the male at this stage (Fig. 3U) , urethral maturation and internalisation by invading mesenchyme is not complete until postnatal stages (Baskin et al., 2001; Rodriguez et al., 2012) . In female mice, the UPE also continues to canalise; however, because the mesenchyme does not internalise the female urethra, it remains ventral to the clitoris. The proximal urethral meatus remains open at the base of the clitoris. By P8, this opening in the proximal urethral meatus has closed (Kurita, 2010) , and its prior location will become the site of the vaginal opening.
In recent years, several publications have provided new insights into the postnatal anatomy of murine external genitalia (Rodriguez et al., , 2011 Schlomer et al., 2013; Weiss et al., 2012; Yang et al., 2010) . We have modified the ontology to incorporate these findings (supplementary material). In both sexes, mesenchymal condensations develop into bone (os penis/clitoridis). Males develop cartilage and bands of erectile tissue, called corpora cavernosum. The adult male urethra is subdivided into penile, pelvic and prostatic urethra. The structure of the adult penis is illustrated in Fig. 3W -Y. At the distal tip of the adult glans penis is a tapered extension of the os penis called the male urogenital mating protuberance (MUMP; Rodriguez et al., 2011; Weiss et al., 2012) . The glans penis is covered with keratinised epidermal spines. It is positioned internally, within the preputial space, and is completely surrounded by the prepuce externally. The prepuce contains the preputial glands, the ducts of which drain into the preputial space. The glans can be exposed when the prepuce is retracted.
The morphology of the adult mouse clitoris has only recently been described in detail (Yang et al., 2010) . Like the penis, the clitoris is surrounded by a prepuce containing preputial glands; however, the clitoris is much smaller and is ventrally tethered to the prepuce, as the clitoral epithelial lamina does not completely enclose the clitoris. Because of this anatomy, the urethra resides partially within the preputial mesenchyme and partially within the clitoris. This is in contrast to humans, in which the urethra is not housed within the clitoris but opens proximal and ventral to the clitoris and is circumscribed by the labia minora.
The PLUR becomes sex specific in the ontology from E15 ( Fig. 2E and Fig. 4 ; supplementary material). Circulating androgens in the male initiate seminal vesicle bud formation from the NDs and, from E16, the ducts become the ductus deferens ( Fig. 4A-C ). Both seminal vesicles and ductus deferens are connected to the UGS ridge via the ND-derived ejaculatory ducts, and disrupting ND development in males results in loss of these structures ( Fig. 4C,D ; Guo et al., 2011) . The male UGS ridge becomes the verumontanum ( Fig. 4C,D ; Levin et al., 2007; Yucel and Baskin, 2004) .
In females, the UGS ridge blocks the patent opening of the NDs to the PLUR, and from E16 on becomes the sinovaginal bulb (SVB, Fig. 4E,F) . By E16.5, the caudal paramesonephric ducts have fused and enlarged to become the upper vagina ( Fig. 4F-H ). By E18, the upper vagina has fused to the SVB and the vagina comprises both the upper vagina and lower vagina or SVB. These are unique structures with different origins and gene expression profiles ( Fig. 4H ; Drews et al., 2002; Kurita, 2010) . The SVB, a solid epithelial cord, is a transient structure only seen during development (Kurita, 2010) . The upper vagina becomes the adult vagina and the SVB contributes to the vulval epithelium (Kurita, 2010) .
Morphological sex differences in the PLUR itself are first seen around E16.5 ( Fig. 5; supplementary material) . The urethral epithelium gives rise to accessory glands, including the prostate, bulbourethral glands and numerous urethral glands. Only the prostate glands are male specific. Female bulbourethral glands (new to the ontology), although smaller than the male, are also known as Bartholin's glands (Bloomfield, 1927) . Like their male counterparts, they are derived from cloacal endoderm and marked by Shh (Fig. 2F and Fig. 3G-L) .
Prostate gland anatomy is extremely complex ( Fig. 5 ; supplementary material). Several studies describing early murine prostate development (Allgeier et al., 2010 (Allgeier et al., , 2009 Cook et al., 2007) have instructed modifications to the ontology. Numerous prostate buds develop from the PLUR epithelium in distinct locations (Fig. 5A-D) . Number, size, morphology, location and patterning of the different prostate regions have been described (Allgeier et al., 2010 (Allgeier et al., , 2009 Lin et al., 2003; Timms et al., 1994) . Bud formation is complete by E18.5 (Lin et al., 2003) ; however, extensive branching morphogenesis does not begin until after birth. The glands later develop a patent lumen and the adult prostate secretes a variety of products dependent on region. In adult males, the urethra region surrounded by prostate glands is called the prostatic urethra (Fig. 5I,J) .
Urethral glands also form as buds that develop from the PLUR epithelium in both sexes ( Fig. 5; supplementary material) . Ventral urethral gland buds develop at the male bladder-urethra junction in the same location as ventral prostate buds, but at early stages these are indistinguishable, as both express the early prostatic marker Nkx3-1 (Allgeier et al., 2010) . Consequently, it is difficult to definitively identify any ventral budding structure in the developing male, although there is evidence that Edar and Wnt10b mRNA staining intensity can separate prostatic gland buds (high expression) from urethral gland buds (low to non-detectable expression; Keil et al., 2012) . However, the ontology now includes the indefinite term, ventral epithelial bud, first introduced by Allgeier et al. (2010) (Fig. 5A-H) . Female mice can develop functional prostate glands from ventral epithelial buds if exposed to exogenous androgens (Price and Williams-Ashman, 1961; Raynaud, 1938 Raynaud, , 1942 . In the past, these have been referred to as female prostate buds. The ontology uses ventral epithelial bud in favour of prostate bud for the female mouse. Whereas these buds might go on to form Skene's glands in females, no lineage tracing is available to confirm this and, even in males, not all ventral buds go on to form prostate glands (Allgeier et al., 2010) .
Regional and cellular updates to the bladder and urethra ontology
In the literature, the bladder has been divided into three different regions: fundus, neck and trigone (supplementary material). We have reviewed the definition of these regions and modified the ontology as a result. Anatomically, the bladder is divided into the fundus (or dome), the rounded blind-end of the bladder and the neck, which is the narrow open end of the bladder located between the ureter orifices and the PLUR opening (Figs 5 and 6 ). The dorsal bladder neck forms a triangular-shaped region called the trigone. The ureter orifices form the trigone base and the urethra opening forms the apex (Fig. 6E) . Trigone morphology changes as the bladder and urethra expand, increasing the distance between the ureters and urethral opening (Fig. 6F ) (Carpenter et al., 2012) . The ureters are muscular tubes that transport urine from the renal pelvis to the bladder ( Fig. 6G-J; supplementary material). The ureters are inserted in a stereotypical position in the trigone, where ureteral muscle and bladder muscle intersect to form the anti-reflux valve (Carpenter et al., 2012; Viana et al., 2007) (Fig. 6K,L) . The bladder urothelium is lined by an apical barrier of urothelial plaque, composed of uroplakin family proteins (Upk1a, Upk1b, Upk2, Upk3a and Upk3b). Expression of multiple Upk proteins is required to create the plaque. The urethra epithelium does not produce uroplakin plaque and therefore has not been described as an urothelium. However, both epithelia are derived from cloacal endoderm, and the exact location of the bladder-urethra boundary is not precise. In the adult, the distribution of urothelial plaque and Upk protein expression may be used to determine the boundary (Fig. 5L,M) . However, during development, Upk expression not only differs between stages, but also differs between dorso-ventral surfaces (Fig. 5C,G) . During early development (E11.5-13.5), we have defined the bladder-urethra boundary as the site where the reproductive ducts insert into the urethra (Fig. 1) . Later in development, as the ducts differentiate, this boundary becomes difficult to define, especially in the female, when the SVB and vagina move caudally. In order to facilitate the annotation of gene expression within this region at later stages, and at early stages when the reproductive ducts are not visible, we have introduced the term bladder-urethra transition zone, from E11.5 to adult. This zone (Figs 5 and 6 ) marks the region where these two different epithelia meet and is similar to transitional zones in other organs, such as the female cervix and the oesophagus Z-line.
The bladder is able to stretch to store urine and to contract under autonomic control to expel urine via the urethra. These dynamic movements are facilitated by the detrusor muscle, which is composed of irregularly oriented smooth-muscle fibre bundles that, together with the urothelium, expand and contract in response to stretching. Correct patterning and differentiation of bladder smooth muscle is therefore crucial for bladder function. The muscle forms via interactions between the urothelium and surrounding mesenchyme (Cunha, 1999) . Recent studies of environmental factors, epithelial-tomesenchymal interactions and signalling pathways required for bladder smooth muscle formation have advanced our understanding of this developmental process (Cao et al., 2008 Cheng et al., 2008; DeSouza et al., 2013; Haraguchi et al., 2007; Liu et al., 2010; Shiroyanagi et al., 2007; Tasian et al., 2010) . We have updated the bladder ontology to incorporate these findings (Fig. 7) . Differentiation of smooth muscle cells from the bladder mesenchyme begins at E13.5 in the outer peripheral zone of the primitive bladder and progresses inwards towards the urothelium. Differentiation is dependent on Shh signalling from the cloacal endoderm-derived epithelium to the surrounding mesenchyme, which upregulates target genes, including Bmp4, Ptch1 and Gli1, although their expression is seen much earlier, in the peri-cloacal mesenchyme at E10.5 ( Fig. 7A -D summarises the relative expression levels of genes in the mesenchyme from E12-15. In the primitive bladder, the strongest expression is seen in a thin layer of the mesenchyme immediately underneath the urothelium, resulting in radial patterning of the mesenchyme. This sub-urothelial layer remains devoid of smooth muscle cells throughout development (Cao et al., 2008 Shiroyanagi et al., 2007; Fig. 7) . We have used Gli1-lacZ reporter mice to illustrate this radial patterning (Fig. 7E,F,I ,J). The mesenchyme also shows differential cell proliferation between inner and outer layers, also regulated by Shh , and the inner layer contains numerous blood vessels (Fig. 7I,J) . As a result of these findings, the primitive bladder mesenchyme (E12-13) has been subdivided into inner and outer layers (Fig. 7A,B) . As smooth muscle cells are detectable at E13.5, before a distinct detrusor muscle is recognised, we have added muscle layer of primitive bladder (Fig. 7B,G) . Smooth muscle cells express Tgfb1 and Myocd, together with smooth muscle actins and myosins. Actin alpha-smooth muscle (Acta2) is utilised as a marker of early differentiation (Fig. 7G,H,K) and smooth muscle heavy chain myosin (Myh11) marks more advanced differentiation (Cheng et al., 2008; DeSouza et al., 2013; Liu et al., 2010; Shiroyanagi et al., 2007) .
From E14 to adult, the bladder is composed of urothelium, lamina propria and detrusor muscle, surrounded by either serosa or adventitia, depending on location (Fig. 7 and Fig. 9B ). The lamina propria is also subdivided into suburothelial and outer lamina propria layers (Fig. 7C,D,H-K) . Shh signalling from the urothelium continues throughout development, and genetic markers of the primitive bladder inner mesenchyme maintain their expression in the suburothelial lamina propria of the bladder (Fig. 7A-D ). An absence of smooth muscle cells continues to be characteristic of the suburothelial layer through to adult.
The 3D pattern of detrusor muscle differentiation in the mouse bladder has also recently been analysed (Carpenter et al., 2012) . Differentiation begins in the distal fundus and advances towards the bladder neck (Fig. 7B) . As development progresses and the bladder grows in size, the percentage of urothelium remains constant, whereas the percentage of lamina propria decreases as the outer mesenchyme differentiates into smooth muscle cells of the detrusor.
A smooth muscle layer also differentiates from the PLUR mesenchyme. Unlike the bladder, PLUR mesenchyme does not form a thick muscular layer and was therefore not subdivided into inner and outer layers. There is some evidence that testosterone and oestradiol control smooth muscle differentiation in PLUR of rats and mice (Chrisman and Thomson, 2006; Thomson et al., 2002) , and TGFb signalling might also play a role (Tomlinson et al., 2004) . At E13.5, the PLUR is composed of an epithelium, mesenchyme and outer adventitia and, at E14.5, develops a muscle layer. From E15.5 to adult, the mesenchymal layer further differentiates into a thin lamina propria, discontinuous muscularis mucosa (containing smooth muscle cells) and underlying submucosa (Fig. 5 and Fig. 9C ). Recent gene expression analysis in the E17 PLUR has provided many markers to distinguish these tissue layers (Abler et al., 2011a) . Originally, the terms 'muscularis mucosa' and 'muscularis submucosa' were present in bladder ontology. However, unlike the PLUR, the mouse bladder does not contain a distinct muscularis layer and therefore these layers have been removed.
Late during development, the rhabdosphincter, another muscular structure, which is new to the ontology, develops in the PLUR of both sexes (Fig. 5I-K) . The development of this structure is important for normal function of the urinary tract in mice and humans, because decreased sphincter tone and/or thickness, especially in aging multiparous women, has been associated with stress urinary incontinence (Athanasiou et al., 1999; Rortveit et al., 2003) . Urethral sling and pelvic mesh surgeries to repair stress urinary incontinence are often ineffective and can lead to complications. Regenerative therapies involving stem cells are a hot research topic as an alternative to these therapies, and understanding sphincter muscle lineage is therefore central to these studies. This suggests a need for lineage studies to define the rhabdosphincter origin. Striated muscle cells develop in the anterior PLUR forming the rhabdosphincter (Borirakchanyavat et al., 1997) , which is marked by actin α-skeletal muscle expression (Acta1, Fig. 5J ). Although seen in the mouse at E17 (E.M.S.-S., unpublished data) and in rats at birth (Borirakchanyavat et al., 1997) , the stage at which the rhabdosphincter forms in the mouse is not known.
Marker expression and lineage analyses define cell types in the bladder urothelium and urethra epithelium
The adult bladder urothelium is stratified, containing a basal layer of Krt5-expressing basal cells (Krt5-BCs), one or more layers of intermediate cells (ICs) , and a superficial (or luminal) layer of superficial cells (SCs) (Gandhi et al., 2013) . Lineage analysis in mouse suggests that ICs are progenitors that self-renew and generate SCs in the adult, whereas, during development, P-0 cells, a newly identified population undetectable in the adult, serve as transient progenitors that generate ICs and SCs in the embryo (Gandhi et al., 2013) . The bladder urothelial ontology has been revised to include cell types, while retaining urothelial layers. This enables the annotation of data without knowing the cell type, and allows for the incorporation of data from previous publications referring to layer. Urothelial cell types have been defined by marker expression and relative position (Gandhi et al., 2013) . During development, the cellular composition of the urothelial layers changes considerably ( Fig. 8A-M; supplementary material) . The urothelium expresses a series of endodermal markers (Shh, Trp63, Isl1, Foxa2) . From E11-12, a small number of endodermal epithelial cells (Upk − ) are seen; however, most of the primitive bladder is lined by P-0 cells, transient progenitors expressing Upk and endodermal markers but not Krt5 (C.M., unpublished data). By E13, ICs make up most of the urothelium.
From E14, the ontology subdivides urothelium into superficial, intermediate and basal cell layers (Fig. 8A-M) . By E14, the basal layer is lined with ICs and the superficial layer mostly with SCs. The intermediate layer consists solely of ICs until E13. Krt5-BCs, first identified between E14 and E15, are seen in intermediate and basal layers. By E17, they line the entire basal layer, displacing ICs to the intermediate layer. In the adult, Krt5-BCs make up 90% of the urothelium, whereas ICs and SCs each make up 5% (Gandhi et al., 2013) . Interestingly, our analysis suggests that a second Krt5-BC population (Krt5 + , Krt14 + , Trp63 + ) emerges after E17 (C.M., unpublished data). Krt5-BC populations self-renew (Colopy et al., 2014) and are known to arise from cloacal endoderm; however, whether they have a distinct progenitor in the bladder is unclear.
Early in development, the UPE, primitive bladder and caudal UGS all express Shh, Trp63, Isl1 and Foxa2. Trp63 expression is shown in the bladder-PLUR (Fig. 8G-K) . Krt5, a marker of Krt5-BCs in the bladder urothelium, is also expressed by the PLUR (Fig. 8H-K) . Although not expressed by the bladder until after E14, it is seen as early as E12 in the caudal UGS (Fig. 8G) and UGS ridge at early stages (Fig. 8H,I ).
Like the urothelium, the PLUR epithelium is stratified and, from E15, has been subdivided into superficial, intermediate and basal cell layers (Fig. 8O,P) . We have used protein expression analysis to examine the distinct cell types that populate the PLUR epithelium compared with the bladder neck/trigone and fundus (Fig. 8) (Abler et al., 2011a) . As is the case with bladder Krt5-BCs, the lineage of these PLUR cell types is not clear; however, these cells persist into adulthood (Fig. 8W,X) .
The epithelium transitions from bladder urothelium to PLUR epithelium. Even late in development, there is a distinct zone where the epithelium transitions (Fig. 8V ). Between these regions the epithelial expression profile changes. The bladder-PLUR regions are shown at E17 (Fig. 8P-S,V) , although the bladder neck is more elongated in the adult (Fig. 5M) . PLUR epithelium is thicker than bladder urothelium (see Krt5, Fig. 8S ). E17 bladder shows Upk3a mRNA and Upk protein in the intermediate and superficial cell layers of the bladder fundus, neck and trigone, but not in the PLUR (Fig. 8Q,V) (Abler et al., 2011a) . The PLUR, bladder neck and trigone basal cell layers all strongly express Krt14 (Fig. 8R-T,W) , which is weakly expressed by the bladder fundus (Fig. 8S,T) . Foxa2 and Krt13 are exclusively expressed by the PLUR, bladder neck and trigone (Fig. 8V,X,U) . Therefore, the combined expression patterns of Foxa2, Krt13, Krt14 and Upks can be used to identify distinct epithelial regions (Fig. 8T) .
Nerves, vasculature and pelvic ganglia
The adult lower urogenital tract receives an extensive supply of nerves and vasculature, forming well before birth (supplementary material). In this update, nerves and vasculature have been added as components of the major organs and tissues. In addition, from E15 to adult (TS23-28), nerves of the bladder and PLUR have been described in much more detail and have been added as components of each tissue layer within these organs (Fig. 9 ). This updated ontology also defines blood vessels within each of the tissue layers so that nerves supplying those vessels can be annotated. However, prior to E15, the ontology has not been updated to the same level of detail. This will require further refinement once innervation and vascularisation of earlier stages and other LUT tissues have been examined more closely.
Numerous developing neural subpopulations have been identified and show distinct patterns of distribution among LUT tissues ( Fig. 9I-P) . LUT nerves can be sensory or motor (autonomic). Although each should produce distinctive transmitters or related signalling molecules, they are structurally indistinguishable, and no data currently exists on the spatiotemporal distinction between these populations. For this reason, the different types are not distinguished in the ontology. The pelvic ganglia are paired ganglia that develop in the LUT close to the anterior PLUR (Fig. 9D-H ,Q-S). They comprise a mixture of both sympathetic and parasympathetic neurons (Keast, 1995; Wanigasekara et al., 2003) . The intermixing of sympathetic and parasympathetic neurons within the one ganglion is unique in the autonomic nervous system. In rodents, pelvic ganglia also show considerable sexual dimorphism (Greenwood et al., 1985) (supplementary material).
DISCUSSION
Presented here is a definitive spatiotemporal description of the developing lower urinary and reproductive tracts, at the level of organ, tissue and, where possible, component cell type. This information has been incorporated into a text-based anatomical ontology spanning developmental time, space and gender. The improved ontology will provide a common language for those in the field, and enable higher resolution annotations of gene and protein expression in the developing and adult lower urogenital tract of both wild type and genetically altered mouse models. This will in turn facilitate the identification of markers of novel subcompartments at a finer microanatomical resolution. As such, the revised ontology will provide a basis for understanding congenital lower urogenital tract abnormalities commonly seen, but not well understood, in humans.
MATERIALS AND METHODS

Literature review
A comprehensive literature review was performed to improve accuracy of the mouse lower urogenital tract ontology from E10.5 to adult (supplementary material). Ontology changes were made based upon this review and group consensus of the authors.
Modifications to the GUDMAP ontology
The structure and principles of the GUDMAP ontology have been described (supplementary material; Little et al., 2007) . The updated ontology and definitions (including features, synonyms, molecular markers and lineage relationships where established) are available on the GUDMAP website (http://www.gudmap.org/Resources/Ontology/index.php). The ontology has been entered into the EMAP mouse embryo ontology (Hayamizu et al., 2013) and published on the Open Biological and Biomedical Ontologies web resource (http://www.obofoundry.org/).
Mouse strains, tissue collection and processing
All procedures involving animals were approved by the relevant animal ethics committees (details in supplementary material, including transgenic staining). Wild-type mice were C57BL/6, C57BL/6J or Swiss Webster. Timed matings were established and foetal tissues collected at stages indicated in the Figures. Adult mice were euthanized by isoflurane overdose or cervical dislocation. Tissues were dissected in phosphate-buffered saline (PBS) and fixed before proceeding to whole-mount methods or sectioning.
Immunohistochemistry (IHC) and immunofluorescence (IF)
Detailed methods are included as supplementary material. For whole-mount IHC (Fig. 5B,F) (Keil et al., 2012) , section IHC ( Fig. 8R ) (Abler et al., 2011a) , E15 whole-mount IHC (Fig. 9G,H) (Wiese et al., 2012) and whole adult bladders (Fig. 9J-L ) (Yan and Keast, 2008) , tissues were immunostained as described previously. For IF of tissues from Swiss Webster (Fig. 1D-G, Fig. 2F, Fig. 4H , Fig. 5C ,F, J-L, Fig. 6G,H,K, Fig. 7G -J and Fig. 8G -N,S,U-X), Hoxb7GFP (Fig. 1I-M and Fig. 4D ) and Gli-lacZ (Fig. 6E,F,I ,J) mice, sectioned tissues (paraffin, frozen, vibratome) were pre-treated with 10% HIHS, 0.1% Triton-PBS for 1-2 h (25°C). Antigen retrieval was performed by boiling samples for 30 min. Primary antibodies (in 1% HIHS, 0.1% Triton-PBS) were incubated overnight (4°C). Slides were washed in 0.1% Triton-PBS, incubated with secondary antibodies 1-2 h (25°C), followed by DAPI (5-10 min) and cover-slipped with mounting medium (Dako). Antibodies detecting Hoxb7-GFP and Gli-lacZ were chicken anti-GFP (AVES, #GFP-1020; 1:300) and goat anti-β-galactosidase (Biogenesis, #4600-1409; 1:1000).
For IF of C57BL/6J tissues (Fig. 1H, Fig. 8R and Fig. 5J ), 5-µm paraffin sections were labelled as described previously (Abler et al., 2011a) . In Fig. 5J , two consecutive sections are shown, one stained with anti-Acta1 antibody and DAPI, the other with anti-Cdh1 and anti-Acta2 antibodies. Acta1 staining was pseudo-coloured yellow and the images were merged. For IF (Fig. 9I ,N-P,Q-S), cryosections (14-20 µm thickness) were processed according to described methods (Yan and Keast, 2008; Wiese et al., 2012) .
Section mRNA in situ hybridisation (SISH) SISH using C57BL/6J E17 tissues (Fig. 8P ,R) was conducted as described previously (see supplementary material; Abler et al., 2011a,b) . IF (Fig. 8R ) was performed post-SISH, using the C57BL/6J protocol described above.
β-galactosidase staining
For β-galactosidase activity detection (Figs 2,3 ) fixed ShhGFPCre; Rosa26RlacZ embryos were washed in lacZ buffer (1 M sodium phosphate pH 7.4, 0.1% sodium deoxycholate, 1 M MgCl 2 , 0.2% NP40). For staining, X-gal (1 mg/ml), K 3 [Fe(CN) 6 ] and K 4 [Fe(CN) 6 ] (0.05 M) were added to the lacZ buffer, and embryos were incubated overnight (25°C). Embryos were washed in PBS and stored in 4% PFA.
